Abstract Erasable electrical conductive domain walls in an insulating ferroelectric matrix provide novel functionalities for applications in logic and memory devices. The crux of such success requires sufficiently high wall currents to drive high-speed and high-power nanodevices.
Introduction
Ferroelectric materials have switchable bound charges associated with their spontaneous polarization that are the main assets for the use of these materials in a diverse range of functional electronic devices, including ferroelectric memory devices. [1] As in other charge-based memory devices, the limited polarization charge per unit area of most well-known ferroelectric materials imposes a significant scaling challenge for charge-based electronic devices such as the onetransistor/one-capacitor ferroelectric random access memory (1T-1C FRAM). As an alternative, resistance-based ferroelectric memory devices such as ferroelectric tunnel junction-based memories [2] [3] [4] have attracted a great deal of attention, but the polarization direction-dependent tunneling mechanism imposes fundamental limitations on device scaling and reliability. The possible involvement of a defect-mediated resistance switching mechanism, which is mostly related to oxygen vacancies, also complicates the precise operation of a device. [5] Recently the authors reported a completely different resistance-based ferroelectric device based on the temporal creation and elimination of conductive domain walls in epitaxial BiFeO3
(BFO) thin film. [6] Unlike other conventional ferroelectric devices, this device has a lateral memory cell geometry that allowed the examination of several highly intriguing properties of this unique ferroelectric material. The ferroelectric domain walls can be created, moved, and repositioned via partial domain switching under an electric field applied in the opposite direction to the polarization direction of the unswitched bulk matrix. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] While the work produced a truly ground-breaking new device concept that alleviated almost all the scaling-and reliability-related issues for ultra-high-density ferroelectric memory applications, two main issues arose. First, the mechanism involved in the switching of the ferroelastic (71° and 109°) and ferroelectric (180°)
domains is not yet understood. Second, the attainable wall current (which was previously a maximum of 14 nA) must be further improved, and the upper limit of the maximum attainable 4 current must be determined. It should be reminded that for most commercial memory devices for which application is envisioned, a mimimum wall current should be ~0.1 μA to obtain read times of 10 ns. [17, 18] Understanding the domain switching mechanism has implications for achieving the maximum attainable wall current that requires the knowledge of the domain evolution process in different geometrical configurations under an applied voltage, along with their correlation with the local and global electrical conductivities. The state-of-the-art vector piezo-force microscopy (V-PFM) and conductive atomic-force microscopy (CAFM) techniques are highly useful in this regard, particularly in conjunction with nanofabrication techniques for devices with different electrode geometries because they allow arbitrary control of the applied field direction with respect to the crystallographic and domain directions of the BFO films and make detailed studies of the domain evolution process possible. It is surprisingly found in this work that 180 o domain switching can process through three-step 71 o rotations in some cases rather than the general prediction of twostep 71 o and 109 o rotations only. [19] In other words, 109 o domain switching is two-step 71 o rotations that are not easily discerned in several other experiments. However, most of the temporarily formed domains and their walls dissipate rapidly over time, which prohibits the above investigations. Therefore, in this work, three different types of epitaxial BFO thin films on SrTiO3 (STO) and GdScO3 (GSO) substrates were prepared through extensive optimization of the pulsed laser deposition (PLD) technique. These structures are 120-nm-thick BFO (001)/GSO (110), 120-nm-thick BFO (110)/STO (110), and 35-nm-thick BFO (001)/STO (001) films, where (001) and (110) represent the crystallographic planes in terms of cubic crystal symmetry (pseudocubic symmetry for BFO) (see Methods). The films with different thicknesses show the evolution of the hierarchical domains with geometrically limited wall currents; once the near-surface switched domains are thickened enough to touch the substrates (i.e., the wall currents in 120-nm-thick BFO at high fields are much higher than those in 35-nmthick BFO). The BFO (001)/GSO (110) sample showed a surprisingly long retention time (~3 h) for the voltage-induced domains and walls, which allowed these domains and walls to be examined carefully by V-PFM and CAFM. The pristine BFO film showed a striped domain pattern with average periodicity of ~200 nm in which domains change relative to the applied lateral field strength. This was critically important to the study because it revealed that the domain switching process proceeds via hierarchical formation of the coexisting 71° domains, the 109° domains, and eventually the 180° domains, with increasing voltage. The second sample, i.e., the BFO (110)/STO (110) structure, showed a completely homogeneous domain pattern in the pristine state, which provided a feasible and unique platform for control of the domain patterns and the wall currents along the different crystallographic directions of the BFO layer. In conjunction with the first sample, it was unambiguously determined that the head-to-head 180° domain wall, which was eventually formed by process of hierarchical domain propagation through the 71° and 109° rotations, can provide an exceptionally high current of ~300 nA. This value exceeds the highest previously reported value (14 nA) by more than an order of magnitude. [6] . This is also a practical demonstration of the long-term conjecture that the chargeuncompensated domain boundaries form the current flow paths in insulating ferroelectric materials. [20, 21] (Rev 1-3) The final sample, i.e., the BFO (001)/STO (001) structure, is used to show the evolution of the hierarchical domains under different coercive fields.
This work also contributes to the critical understanding of the properties of domain walls with different orientations, which has previously been impossible in the out-of-plane direction of metal/ferroelectric/metal-type capacitors. In addition, the involvement of only one type of domain wall or difficulty in aligning the charge-uncompensated domain walls along the read-field direction has hampered observation of the high wall current. This work, therefore, provides a step 6 forward in terms of both practical application and fundamental understanding of ferroelectric domain wall-related phenomena.
Results and Discussion

Temporal creation of hierarchical domain structure
The topographic atomic force microscopy (AFM) images in Supplementary Figure orientations were found on the (110) STO substrates. [9] A careful V-PFM study showed that all the films have out-of-plane polarizations pointing towards the bottom substrates, whereas the inplane polarization state is different for each of the thin films. After film deposition, a Pt thin film was deposited and patterned to form two Pt top electrodes, designated TE1 and TE2, with various widths (w) and gap lengths (l) by a combination of electron beam lithography and ion milling (see Methods). During electrical testing, a voltage was applied to TE1 while TE2 was grounded.
When a sufficiently high read voltage was applied in short time (~ns), Rev 1-4 the transient creation of conductive charged walls via a partial domain reversal was observed near the film surface between TE1 and TE2 and was accompanied by the flow of an "on" current. [6] However, these domain walls disappeared from the BFO (001)/STO (001) sample immediately after the removal of the read voltage because of the high depolarization and ferroelastic energies. However, the periodic stripe domains of the BFO (001) films on the (110) GSO substrates can reduce these energies and thus greatly increase the domain back-switching time, which made it possible to examine these domain configurations using V-PFM after a long time (~s) poling voltage. [22, 23] 7
The significant charge injection occurs under a long time poling voltage that can temporally compensate the depolarization field delaying the domain back-switching. [6] For the information writing in real memories, the films should be etched into a mesa structure with two side electrodes deposited. This forms a parallel-plate like capacitor, where the domain under a shorttime (~ns) write voltage higher than a coercive voltage applied to the two side electrodes has good retention. at Vc1 and Vc2. After the sample was switched using a bias voltage of −15 V, which is higher than Vc2 but lower than Vc1, for a period of 10 s, a switched domain image was captured and showed a triangular domain shape. Two of the domain's sides were composed of a large proportion of the 71° walls and a small proportion of the 109° walls that connect TE1 and TE2, as shown in Figure   1b . The right panel shows the areal distribution of the rotation angles for all variants, which was produced by comparing the V-PFM images after poling at +15 V and switching at −15 V. It should be noted that most of these domains experienced the 71° rotation within the triangular region, except for two small corners that experienced 109° rotations. Therefore, the first jump in the "on" current at Vc1 in the I-V curve shown in Figure 1a Figure S3a and b) . [24] The device was then switched back to the initial poled state by applying the poling voltage of +15 V again, as inspected by V-PFM imaging, and was subsequently switched to a new "on" state by application of a switching voltage of −17 V (< Vc2). Both the r4− and r1− domains grew to form the three penetrating 71° and 109° walls that connected TE1 and TE2, as shown in Figure 1c were too short for V-PFM domain images to be recorded when imaging was attempted using devices with l = 500 nm. This problem was resolved by adopting a device with l = 1000 nm, in which the domain grew throughout the entire film thickness and thus reduced the depolarization field. [13] Therefore, after switching at −20 V for 30 s, the growth of two triangular r1− and r3+ domains was observed based on the 71°, 109° and 180° rotations of the pristine r2− and r3− variants in 71° steps with three jumps of "on" currents in their I-V curves (Supplementary Figure   S4a and b). These results showed that 180° domain reversal at voltages >Vc3 could be achieved using hierarchical multiple (1-3 step) 71° rotations of all the variants of the pristine domains.
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Each penetrating domain growth that connected TE1 and TE2 also increased the conductive wall number and thus the "on" current, which was observed as multiple jumps in the "on" currents in the I-V curves. Supplementary Figure S5a -e summarize the three types of "on" current jumps that occurred at the specific coercive voltages of Vc1, Vc2, and Vc3, which imply sequential formation of the 71°, 109° and 180° domains, respectively, with increasing field strength. The current jump at Vc3 predicts the onset of the 180 o domain rotation, which was corroborated by the results in the V-PFM images in Supplementary Figure S4a and b.
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CAFM current mapping of charged and neutral walls
Domain walls can be either neutral or charged, depending on the relative orientations of the polarization directions of the two adjacent domains and the degree of compensating carrier trapping that occurs at the domain walls. It was previously reported that the conductivity of charged walls has the highest value, [7] [8] [9] [10] [11] [12] [13] [14] but precise identification of the correlation between domain wall type and conductivity has lacked, despite its importance for device applications. In this work, this task has been accomplished using two methods: CAFM mapping of the retained domain walls in the BFO (001)/GSO (110) sample, and variation of the surface electric field direction relative to the uniform polarization of the BFO (110)/STO (110) sample. Figure 1b ), but these domains collapsed into several segments after a retention time of ~30 min. Under these circumstances, the CAFM and V-PFM images could be acquired from the same area, which allowed the authors to identify the correlation between the domain wall type and the local electrical conductivity precisely. In Figure 2a , three typical conductive walls, which were numbered 1, 2 and 3 and had current values of −122 pA, −75 pA and −30 pA, respectively, can be observed. The subsequent V-PFM phase image in Figure 2b shows the formation of a head-to-head 71° charged wall at region 1, but head-to-tail 71° neutral walls were formed at regions 2 and 3 by variants of r1− and r2−, where the wall 2 is more conductive than the wall 3. The careful study of the lower leftcorner domains in Figure 2a suggests a bunch of r1-and r2-domains to appear during CAFM scanning which then shrank into a single r2-domain during subsequent PFM imaging in Figure   2b . Therefore, all three r2-domains in Figure 2b that could coalesce together during poling collapsed during the very long measurement time (~1 h) of CAFM and V-PFM imaging. This is accompanied by the generation of intermediate bunched domains in Figure 2a . The bunched domains including the wall 2 are partially uncompensated so that they are more conductive than the isolated neutral wall 3. The conductivity enhancement due to the collapse of the switched bulk domain can be evidenced from the sudden enhancement of the "on" currents during backward sweeping of I-V curves (for example, the appearance of a small peak at -1.2 V in the left panel of Supplementary Figure S5a ). These results unambiguously show that the charged wall is much more conductive than the neutral walls.
Angular dependence of wall current
The second approach will now be described. The AFM topographical image in Figure 3a The maximum "on" current at = 90° was as high as ~300 nA for the nanodevices with their various l values (where w = 150 nm), as shown in Figure 3c (left panel), which was stable against the switching cycles (Supplementary Figure S7) . At = 45°, the wall current is on the order of 9.6 nA, comparable to 14 nA for the BFO (001)/STO (001) with TE1 and TE2 aligned along the <100> directions. [6] Rev3-2 The voltage Vc3 decreases with decreasing l, as shown in the inset.
This high wall current eases high-speed reading of ferroelectric-resistive memory devices.
The -dependence of the "on" current can be understood on the basis of the geometrical effect of the 180° domain wall relative to the original polarization direction of the BFO (110) film and the direction of the applied field. When the polarization of a local portion of the ferroelectric film is reversed by the applied field, the boundary between the two domains can be charged because of the uncompensated head-to-head and tail-to-tail configuration of the polarization, which induces a strong depolarization field. For simplicity, the 180° domain is assumed here, but identical arguments can be applied to the 71° and 109° domains, in which the stability is also influenced by the ferroelastic energy. As shown in Figure 3c (the first figure in the right panel in Figure 3c ), when  = 0°, the ferroelectric bound charges of the locally reversed domain are readily compensated by the free carriers in TE1 and TE2. The remaining neutral 180° walls (indicated by the dotted red arrows in the  = 0° case) do not have any driving force to draw the free carriers, which makes the wall less electrically conductive. In contrast, when  = 90° (the second figure in the right panel in Figure 3c ), the ferroelectric bound charge can hardly be compensated by the free carriers in the electrode, which leaves the depolarization field at a maximum. The strong depolarization field, therefore, attracts the residual carriers in the film towards the charged 180° domain boundaries, which then makes the wall extremely conductive. In addition, the formal relationship between the "on" current and  can be derived by considering the depolarization field component in the direction perpendicular to the applied field.
The detailed derivation and the related discussions are included in the Methods and
Supplementary Section E in conjunction with Figure S6 . Based on that formalism, the -dependence of the "on" current when measured at a switching voltage of 20 V was simulated, with the results shown as the blue line in the right panel of Figure 3b . The precise matching between the experimental and model results demonstrates that the large wall current can be attributed to the presence of free carriers at the charge-uncompensated domain walls that connect the two electrodes.
Phase-field simulation of hierarchical domains
Many previous studies have indicated that domain switching in BFO begins from either 71° or 109° ferroelastic wall motion, which has a low energy barrier. [19, 25] The two barriers are initially quite close, which means that Vc1 and Vc2 can hardly be separated from the I-V curves during the first three to six sweeps (as shown in the left panel of Supplementary Figure S5a) . After several tens of cycles, however, the two coercive voltages become discernible (as shown in the right panel of Supplementary Figure S5a) . It can be assumed from the Landau-Lifshitz-Kittel law [26] that the minimum switched domain thickness at Vci 
Discussion
Most of the domains in Figure 1b experienced the 71° rotation within the triangular region under application of a negative poling voltage between Vc1 and Vc2. However, the domains near two small triangular corners experienced 109° rotations. This is due to the in-plane electric field inhomogeneity. The finite element simulation (Supplementary Figure S8a-c) shows the highest strength of electric fields near the two corners of TE2 along the directions that easily promote the reverse domain nucleation. The resulting reverse domain nucleation follows the paths of r3-r2-r1-and r2-r3-r4-, respectively, at the two corners.
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The formation of hierarchical domains with dense conduction paths also contributed to the enhancement of the device reliability. When only one or two domain walls contributed to the electrical conduction with a high overall current level (> ~ 100 nA), the wall current density can reach the order of 5.610 4 A/cm 2 with the assumed wall width of 3.6 nm. [27] Rev2-4 The nanodevice was easily damaged by the dielectric breakdown after such a high current flow for over 30 s. This was related with the severe local Joule heating (~6000 nJ) along the conduction path. However, when the number of involving paths was high by the hierarchical domain formation, this adverse effect was largely mitigated despite the overall current level was similar. This is due to the dividing of the high total current to the many conduction paths. Additionally, the accumulative Joule heating effect would be significantly reduced to ~0.6 pJ if the domain switching time is shortened below 100 ns from pulsed characterization. It has been reported that the electron mobility is ~0.2 cm 2 /(Vs) in SrTiO3 and 0.001 cm 2 /(Vs) in (Ba,Sr)TiO3 thin films. [1] The electron mobility of ~0.05 cm 2 /(Vs) could be derived in this BFO film by fitting the "on" currents to the space-charge limited-current (SCLC) mechanism, which is in a reasonable agreement with the reported values (Experimental Section 5.4).
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If the angular resolution of the in-plane rotating sample against the AFM cantilever was increased from 90 o to 30 o during the V-PFM performance, additional eight meta-stable polarization variants deviating from the <111> directions were detected, [6, [28] [29] [30] where each variant has two or more neighboring domains. [31] Expectedly, these meta-stable polarization variants with large number of neighboring walls add more conductive paths to the "on" currents.
Rev2-1
Conclusion
In summary, three different types of BFO thin films were prepared to study their hierarchical domain evolution behaviour upon application of a lateral voltage and to estimate the upper bound of the achievable "on" current through the charged domain walls. Intriguingly, the BFO 
Experimental Section
Film growth
Epitaxial BFO films were deposited on (001) STO, (110) GSO, and (110) STO substrates by PLD using a KrF excimer laser with an operating wavelength of 248 nm. The laser, which was pulsed at 6 Hz, was focused with a power density of 2.8 J/cm 2 on a ceramic Bi1.1FeO3 target under oxygen pressure of 3 Pa. The typical film growth rate was ~1 nm/min. Films with thicknesses of between 35 nm and 120 nm were grown at an optimized substrate temperature of 602°C. XRD patterns were collected via θ-2θ scanning and reciprocal space mapping methods using a Bruker D8 Advance X-ray diffractometer with Cu-Kα radiation at 40 kV and 40 mA.
Nanodevice fabrication
After BFO film growth, 30-nm-thick Pt top electrode layers were grown on the BFO films by magnetron sputtering (PVD-75, Kurt J. Lesker) at 400°C. 200-nm-thick poly(methyl methacrylate) photoresist layers were subsequently spin coated on to the film surfaces. The TE1 and TE2 electrode patterns were then formed by electron beam lithography (EBL; 6300FS, JEOL) with an overlay accuracy of 20 nm. After patterning, 25-nm-thick Cr mask layers were deposited using a thermal evaporation system (NANO 36, Kurt J. Lesker) and a lift-off technique. Finally, the Pt regions that were not protected by these Cr mask layers were removed by ion milling using a reactive ion etching system (RIE-10NR, Samco). The shapes of the asfabricated nanodevices were confirmed by scanning electron microscopy (SEM; Sigma HD, Zeiss) images.
V-PFM and CAFM characterization
The film morphology was measured under ambient conditions using an AFM in ScanAsyst-Air mode (Bruker Icon) and a silicon tip with a radius of 2 nm. V-PFM imaging of the diagonal domains in the BFO film was performed using a contact PtIr-coated silicon tip with a radius of 20 nm, a force constant of 2.8 N/m, and an alternating current (AC) signal at a frequency of 75 kHz and an amplitude of 10 V. Both the in-plane and out-of-plane domain images were captured after in-plane rotations of the sample at angles of 0° and 90°, respectively. Finally, a montage was used to convert all variants of the r1+/− to r4+/− domains across the film area with the evolution of the applied voltages. The exposed wall currents at the film surface were investigated using contact mode CAFM under a −5 V bias applied between TE1 and the AFM tip, where both the tip and TE2 were grounded. Each I-V curve was measured using an Agilent B1500A semiconductor analyser operating in voltage sweep mode with sweep times of 1-90 s.
Angular dependence of the "on" current
Carrier transport across the head-to-head walls can be modelled as a field-effect current along an n-type channel with a sub-threshold leakage current of [32]  
where I0 is the current at the threshold voltage VT, n is the fraction of (Vd−VT) that affects the barrier, kB is the Boltzmann constant, q is the elementary charge, T is the temperature, and Vd is the depolarization voltage induced by a depolarization field applied perpendicular to the direction of current flow (Supplementary Figure S6) . This type of relationship can be understood as a multiplication of the probability that the charged domain walls will capture the (free) carriers from the bulk region of the film {in the form of exp[q(Vd-VT)/nkBT]} and the current transport along the wall when the read voltage V is applied between TE1 and TE2 (I0). VT is involved here because there is a kinetic energy barrier for the (trapped) carriers in the bulk BFO film to overcome to move towards the (created) charged domain wall, which is driven by Vd. Vd can be expressed as
where  (0    1) is an uncompensated factor of the polarization P, 0 is the vacuum permittivity,  is the dielectric permittivity along the current path, and w is the distance (approximately equal to the electrode width) along the depolarization field. I0 is dominated by the number of available carriers, particularly near the head-to-head wall, [7] in a manner following the space-charge limited-current (SCLC) formalism of 
where e is the electron mobility,  is the coefficient of charge trapping, w is the cross-sectional perimeter (approximately equal to the electrode width) of the charged wall, V is the applied 19 voltage between TE1 and TE2, and w is the wall thickness (approximately equal to nine unit cells). [27] For electron injection and trapping,  is expressed as 2/ exp( )
where Nt is the trapped electron density, 2P/w is the doping density of the head-to-head wall, g is the degeneracy factor, and E is the trap energy position below the donor level. In the trapfilled limit region that occurs because of the presence of oxygen vacancy-related trap levels, the power coefficient for V is larger than 2.
[33] Because  = 0, I0 = 0. However, the neutral 180° walls generally demonstrate local side-way meandering behavior and contain kinks with head-to-head and tail-to-tail dipolar configurations that are locally charged, [34] which leads to a background wall current of IB. Therefore, the total wall current is
From Eqs. (1)-(5), the -dependence of the "on" current was simulated as shown in Figure 3a -c.
Under the assumptions that Vd  VT,  = 93, P  60 C/cm 2 , and   1, e was estimated to be approximately 0.05 cm 2 /(Vs).
Phase-field simulation
The spatiotemporal evolution of the spontaneous polarization Pi can be obtained using the timedependent Landau-Ginzburg-Devonshire equation of
where L is the kinetic coefficient, r is the position, t is the time, and F is the total free energy given by the following equation:
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The bulk free-energy density fLandau can be expressed using a sixth-order polynomial expansion [35, 36] , and the elastic energy fela can be obtained by solving the mechanical equilibrium equation
  under the boundary conditions that the thin film is stress-free at the top surface but is fully clamped at the bottom interface. [37] The electrostatic energy fele can be obtained by solving the Poisson equation of 2  , under the open-circuit boundary condition at the interface and the specified potential boundary condition at the top of the film [38] , where  is the potential and  is the charge density. The final term, fgrad, is the gradient energy. The simulations were performed in a system with dimensions of 256 nm256 nm100 nm and two rounded top electrodes (w/l = 40 nm/44 nm) with 1000 time steps (arbitrary units).
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Supporting Information is available from the Wiley Online Library or from the author. Received: ((will be filled in by the editorial staff)) Revised: ((will be filled in by the editorial staff)) Published online: ((will be filled in by the editorial staff)) Epitaxial BFO thin films were deposited on (001) SrTiO3 (STO), (110) GdScO3 (GSO) and (110) STO substrates by pulsed laser deposition. The topographic atomic force microscopy (AFM) images in Figure S1a show the smooth film surfaces with terraces composed of atomicscale steps. The X-ray diffraction (XRD) patterns shown in Figure S1b Figure 1a in main text, that are relatively stable against the switching cycles. However, the newly formed domains are unstable with relaxation time that could disappear after a few weeks, as shown in Figure S2 . The pristine stripe walls, that are less electrically conductive than the newly formed walls, were mostly compensated by charged mobile defects during film deposition at high temperature.
[1] Figure S3a shows V-PFM images of the pristine stripe walls perpendicular to TE1 and TE2 after application of different poling voltages. There are six walls that initially connect TE1 and TE2
(left panel of Figure S3a ) and these walls remain nearly unchanged at poling voltages between −5 V and −7 V (middle panel of Figure S3a ). However, when the poling voltage becomes smaller than −12 V, several of these walls disappear (right panel of Figure S3a ). Subsequent I-V curves shown in Figure S3b indicate that the current (I,on) in the stripe walls that are perpendicular to TE1 and TE2 is much smaller than the "on" current in the newly formed walls (I//,on) but is slightly higher than the "off" current (I//,off) in the pristine stripe walls that are oriented parallel to TE1 and TE2 in Figure 2a 
C. V-PFM imaging of hierarchical domains.
The in-plane switched 180° domains that formed at voltages higher than Vc3 showed retention times that were too short to allow V-PFM images to be acquired for all the nanodevices fabricated on either the GSO or STO substrates at l500 nm. This is due to the influence of the strong depolarization field. However, when l is much larger than the film thickness (120 nm), the switched domains then become thick enough to reach the substrate at the bottom, which means that the depolarization field is greatly reduced. [2] In this way, the switched 180° domains could then be imaged by V-PFM. Figure S4b . The right panel in Figure S4a shows the repeatable three-step jumps of the "on" current in the I-V curve. These results indicate that multiple 71° rotations of all variants will reach the final switched domain state. 
TE2
[100]
[010] Figure S5a-c) . The V-PFM phase contrast shows the in-plane projection of the asgrown 71° domains, in which the black and white contrasts coincide with the spontaneous polarizations pointing from TE1 to TE2 and from TE2 to TE1, respectively. These opposite polarization directions induced the emergence of the "on" current at the opposite bias polarities, as will be discussed below.
Domain switching starts from either the 71°or 109° ferroelastic wall motion [3, 4] with the two close coercive voltages of Vc1 and Vc2 that can be inferred from the two discrete jumps in the "on" current during the low-field sweeping of the I-V curves. [5] However, most of the nanodevices show only one current jump at −3.3 V during the first three I-V sweeps, as shown in Figure S5a (left panel). Meantine, one small peak occurring at -1.2 V in the backward sweeping of the I-V curve suggests the enhancement of the wall conductivity due to the collapse of the switched bulk domain (wall number enlargement). After a few tens of cycles, however, the two Vc values could clearly be discerned from the two abrupt increases in current at ~−2.7 V (Vc1) and ~−3.5 V (Vc2), which correspond to the coercive voltage (Vc) values of the hierarchical domains with lower Vc.
At these voltages, in-plane transverse domain switching occurs to form the connecting domain walls within the gap region. However, under the application of a positive voltage, no reverse domains form because this bias direction is parallel to the initially projected polarization direction, and thus no current increase was observed. This also demonstrates that leakage current 37 conduction along the surface region of the film remained negligible as long as no domain walls form. In Figure S5b , a similar "on" current was observed at a much higher absolute voltage (Vc3 ~−15 V) that corresponds to the 180° domain rotation, in addition to the occurrence of Vc1 and Vc2 at higher (absolutely lower) voltages. In addition, application of the positive bias did not induce the "on" current because the initial polarization direction of this device was identical to that of Figure S5a . In contrast, the device shown in Figure S5c shows similar switching and nonswitching current responses in opposite bias directions to those of the previous two cases because this device had the opposite initial polarization direction. The Vci (i =1, 2 and 3) values that were estimated from multiple devices showed the nonlinear dependence of l, as illustrated in Figure S5d . Each "on" current can be fitted using the IV n power law (where n = 2. 
where  is an uncompensated factor of the polarization P, 0 is the vacuum permittivity,  is the dielectric permittivity, and w is the distance along the depolarization field. Vd // is the driving force for domain back-switching in the insulating regions when the applied voltage V between TE1 and TE2 is removed. This was not the case in the conductive channel regions, where Vd // = 0 because of the full compensation of the domain boundary charges by sufficient numbers of free carriers.
Therefore, the contribution of Ed // to the wall current is low. However, Ed  plays a significant role in accumulating sufficient free electrons to enhance the head-to-head wall conductivity. Ed  can also induce hole accumulation at the tail-to-tail p-type wall but bulk BFO is mostly n-type, [7] which means that hole accumulation is less likely.
The charged walls can be repetitively created. When the applied voltage is 5 V, the radial electric field strength is ~1000 kV/cm, which is strong enough to induce the initial 71° domain switching. [8] When the applied voltage increases up to 10 V, both the radial and tangential electric field strengths are strong enough to induce multiple 71° rotations of the local variant, which will eventually end up with 180° domain walls, even when = 90°. The out-of-plane electric field strength is maximum near the two TEs, as shown in Figure S8c . 
